OBJECTIVE -Because of blood lipid concerns, diabetes associations discourage fructose at high intakes. To quantify the effect of fructose on blood lipids in diabetes, we conducted a systematic review and meta-analysis of experimental clinical trials investigating the effect of isocaloric fructose exchange for carbohydrate on triglycerides, total cholesterol, LDL cholesterol, and HDL cholesterol in type 1 and 2 diabetes.
A lthough the National Cholesterol Education Program in the Adult Treatment Panel III guidelines (1) identified LDL cholesterol as the most atherogenic lipid fraction and primary target of cholesterol-lowering therapy for coronary heart disease, raised triglycerides (TGs) have been consistently associated with increased coronary heart disease risk even after adjustment for established coronary risk factors (2) . The association is especially heightened in the context of a non-LDL cholesterol atherogenic dyslipidemia consisting of raised TGs and low HDL cholesterol, a pattern commonly manifest in type 2 diabetes (3).
Among sugars, fructose has been singled out in guidelines for its effect on blood lipids. Special concern has been expressed about using fructose as a nutritive sweetener in conditions that predispose to higher TG levels, such as diabetes. The American Diabetes Association (Ͼ15-20% energy) (4), Canadian Diabetes Association (CDA) (Ͼ60 g/day, ϳ12% energy) (5) , and European Association for the Study of Diabetes (17% energy) (6) discourage fructose at high intakes, citing its ability to affect lipids adversely. The data on which these recommendations are based, however, are inconsistent with new evidence that the dose threshold for TG effects may lie at Ͼ100 g/day (7), which exceeds even the 95th percentile of U.S. fructose intake (8) . There is also paradoxical evidence that fructose may improve long-term glycemic control (7) . To clarify the effect of fructose on lipid control in individuals with diabetes, we conducted a systematic review and metaanalysis of controlled, experimental trials assessing the effect of isocaloric, oral fructose exchange for carbohydrate on TGs, total cholesterol, LDL cholesterol, and HDL cholesterol in individuals with diabetes.
RESEARCH DESIGN AND METHODS -We followed the Cochrane Handbook for Systematic Reviews of
Interventions for the planning and conduct of this meta-analysis (9) . The reporting followed Quality of Reporting of MetaAnalyses guidelines (10) .
Study selection
We conducted a search of MEDLINE (1950 ( -20 February 2009 
Data extraction
Two investigators (J.L.S., A.J.C.) independently extracted relevant data on study characteristics and outcomes using a standardized proforma. These data included information about study design (parallel, crossover, factorial, and others), randomization, blinding, sample size and subject characteristics (age, sex, BMI, and diabetes status), fructose format, dose, reference carbohydrates used as controls (starch, sucrose, or mixed carbohydrates [undefined combination]), follow-up, and macronutrient profile of the background diet. Means Ϯ SEM posttreatment values for TGs, total cholesterol, LDL cholesterol, and HDL cholesterol were extracted as the main end points. Studies that did not report mean and/or SEM values had these values imputed from SD, 95% CI, P values, or t, F, or Tukey honestly significant difference statistics, using standard formulas (11) . If these data were unavailable, then SEM was extrapolated by imputing the pooled SEM from the other studies included in the metaanalysis (12, 13) . For studies that differed in units, units were converted using standard conversion factors. The investigators also assessed the quality of each study using the Heyland score (14) , which assigns a score from 0 -1 or 0 -2 over nine categories of quality related to study design, sampling procedures, and interventions for a total of 13 points. Studies that reported 100% follow-up data were scored as intent-to-treat analyses. Metabolically controlled designs were also recorded as a measure of study quality. Disagreements were reconciled by consensus after discussion with other investigators (R.J.D., D.J.A.J.). Authors were not contacted to request additional information.
Statistical analyses
Data were analyzed using Review Manager (RevMan 5.0.16; Cochrane Library software, Oxford, U.K.). Separate pooled analyses were conducted for any diabetes, type 1 diabetes, and type 2 diabetes using the generic inverse variance fixed method. Outcomes included end differences for TG, total cholesterol, LDL cholesterol, and HDL cholesterol. Randomeffect models were applied when heterogeneity was significant with fixedeffects models being used otherwise. Paired analyses were applied to all crossover trials (13) , necessitating that data be expressed as standardized mean differences (SMDs) with 95% CI, where Ͻ0.4 represents a small effect size, 0.4 -0.7 represents a moderate effect size, and Ͼ0.7 represents a large effect size. To address a unit-of-analysis error from including trials with multiple intervention arms, we combined arms to create single pairwise comparisons. Interstudy heterogeneity was tested by Cochrane's Q ( 2 ) (P Ͻ 0.10) and quantified by I 2 , where I 2 Ն 50% is evidence of substantial heterogeneity and I 2 Ն 75% is evidence of considerable heterogeneity (11) . Sources of heterogeneity were investigated by sensitivity analyses and a priori subgroup analyses, investigating the effect of reference carbohydrates (starch, sucrose, and mixed carbohydrates), fructose format (crystalline, fluid, and mixed format), dose (CDA thresholds Յ60 g/day or Ͼ60 g/day [5] ), length of follow-up (Յ4 weeks or Ͼ4 weeks), study quality (Heyland Methodological Quality Score [MQS] Ͻ8 and Ն8 [14] ), and randomization. Additional post hoc subgroup analyses were undertaken to investigate the effect of feeding control (metabolic or nonmetabolic), design (paralleled or crossover), washout in crossover studies (yes or no), and background diet. Inverse variance weighted piecewise polynomial regression models were used to estimate dose thresholds. To assess independent predictors of the isocaloric exchange of fructose for carbohydrate, we used multiple regression models with inverse variance weighting selected by all possible regression using the R 2 criterion (NCSS [Number Cruncher Statistical System] software, Kaysville, Utah). Publication bias was investigated by inspection of funnel plots. Figure 1 shows the flow of the literature applying the systematic search and selection strategies to identify eligible reports; 786 reports were identified by the search. Of these, 690 were determined to be irrelevant on review of the titles and abstracts. The remaining 96 reports were retrieved and reviewed in full, of which 82 were excluded. A total of 14 reports (16 trials) were selected for pooled analyses. Table 1 shows the characteristics of the 16 included trials, which contained 20 comparisons in 236 subjects with type 1 diabetes (4 trials, n ϭ 54), type 2 diabetes (11 trials, n ϭ 156), and undifferentiated type 1 and type 2 diabetes (1 trial, n ϭ 26) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Nine trials were randomized. Eleven trials used crossover designs. Starch, sucrose, or mixed carbohydrates were used as the reference carbohydrate (comparator). Fructose was administered in crystalline, liquid, or mixed formats at doses from 30 to 160 g/day, with six trials exceeding the CDA threshold of 60 g/day. Eight trials were metabolically controlled, providing all foods consumed. Background diets were 40 -55% carbohydrate, 25-38% fat, and 15-20% protein. Follow-up was from 8 days to 52 weeks. The Heyland MQS ranged from 4 to 8 with nine trials considered to be of high quality (MQS Ն8). Table 2 shows the effect of isocaloric fructose exchange for carbohydrate on TG, total cholesterol, LCL cholesterol, and HDL cholesterol as assessed in the 14 included trials in individuals with any, type 1, or type 2 diabetes. No effect of isocaloric exchange of fructose for carbohydrate was seen for any outcome. There was, however, evidence of considerable interstudy heterogeneity for TG, total cholesterol, and HDL cholesterol (I 2 Ն 75%, P Ͻ 0.10). Systematic removal of each trial during sensitivity analyses, however, explained some of the heterogeneity. Removal of Pelkonen et al. (16) for TG in the type 1 diabetes analysis, Osei et al. (20) for TG, and Osei and Bossetti (24) for HDL cholesterol in the type 2 diabetes analyses eliminated the evidence for heterogeneity without altering the conclusions. Table A1 , available at http:// care.diabetesjournals.org/cgi/content/full/ dc09-0619/DC1). None of the subgroup analyses were significant for any outcome, except for total cholesterol, for which they were driven by the single study (25) included in the analysis. Data from only one study were included in the LDL cholesterol and HDL cholesterol pooled analyses. Evidence for heterogeneity was significant only in the one category of each subgroup analysis containing Pelkonen et al. (16) , the removal of which reduced heterogeneity to nonsignificant levels (I 2 Ͻ 50%, P Ն 0.10) without altering conclusions.
RESULTS

Search results
Trial characteristics
Primary analyses
Type 2 diabetes subgroup analyses
A priori and post hoc subgroup analyses were used to explore the effect of sources of heterogeneity in type 2 diabetes (supplementary Table A2 , available in an online appendix). These analyses showed a small TG-raising effect of fructose exchange for carbohydrate under specific conditions: starch as the reference carbohydrate, dose Ͼ60 g/day (lower dose limit), or follow-up Յ4 weeks (Fig. 2) . Dose thresholds were further explored by piecewise polynomial meta-regression (quadratic-quadratic) models, which confirmed the same dose breakpoint of 60 g/day (R 2 ϭ 0.13) or 10% energy (R 2 ϭ 0.36). Conversely, a TG-lowering effect was seen only in trials with parallel designs. The interstudy heterogeneity seen for TGs was largely explained by these subgroups. It became nonsignificant in every subgroup category with the exception of those categories containing Osei et al. (20) , the removal of which explained heterogeneity (I 2 ϭ 0 -5%, P Ն 0.10) without altering conclusions.
A total cholesterol-lowering effect was seen only in type 2 diabetes under specific conditions. These included no randomization and poor study quality, no metabolic feeding control, crystalline fructose, or dietary fat Ͼ30% energy (Fig.  2) . Among these significant subgroup analyses, there was evidence of interstudy heterogeneity in only the analysis for no metabolic feeding control. Interstudy heterogeneity remained unexplained for this subgroup analysis and the other nonsignificant subgroup analyses.
No effect of subgroup analyses was seen on LDL cholesterol or HDL cholesterol. Interstudy heterogeneity was only significant for HDL cholesterol in each category containing the study of Osei and Bossetti (24) , the removal of which during sensitivity analyses explained heterogeneity (I 2 ϭ 0%, P Ն 0.10) without altering conclusions.
Multivariate analyses
To explore further the heterogeneity identified in univariate analyses for TG and total cholesterol, multiple regression models assessed the independent predictors of these outcomes in the complete dataset combining subjects with type 1 and type 2 diabetes (supplementary Table A3 , available in an online appendix). The models were significant (P Յ 0.05) for both outcomes, explaining 72-86% of the variability in outcomes. A crossover design was found to be the strongest independent predictor of TG followed by metabolic feeding control, follow-up, fluid format, dose, and starch reference carbohydrates. Follow-up was found to be the strongest independent predictor of total cholesterol followed by dose.
Publication bias
Funnel plots for each of the analyses were inspected for the presence of publication bias (supplementary Fig. A1 , available in an online appendix). There was limited evidence of funnel plot asymmetry for TG, with two small trials reporting large effects and error estimates that favored fructose but no small trials favoring any carbohydrate. No asymmetry was observed for total cholesterol, LDL cholesterol, and HDL cholesterol.
CONCLUSIONS -T h e p r e s e n t pooled analyses of 16 controlled experimental trials in 236 subjects with type 1 and type 2 diabetes demonstrate heterogeneous lipid effects of isocaloric exchange of fructose for other carbohydrates. Conditional TG-increasing and total cholesterollowering effects were seen only in subjects with type 2 diabetes. No other lipid effects were seen. Expressed as mean differences (mean difference ϭ SMD ϫ pooled SD), the modest SMD increases in TG of ϳ0.17-0.23 mmol/l and decreases in total cholesterol of ϳϪ0.17 to Ϫ0.29 mmol/l were dependent on specific trial conditions.
Fructose was found to raise TG in isocaloric exchange for starch but not for sucrose or mixed carbohydrate sources in type 2 diabetes. These observations fit with proposed mechanisms. Fructose, unlike glucose, bypasses the major ratelimiting step of glycolysis (phophofructokinase), allowing fructose to serve as an unregulated substrate for de novo lipogenesis (DNL). This model of metabolic handling, however, is only supported by hypercaloric fructose feeding (Ͼ20% excess energy) trials (29, 30) . Other evidence suggests a mechanism whereby fructose decreases TG clearance by lipoprotein lipase, due to decreased glucose-stimulated insulin secretion and increased chylomicron remnants (31) . On the other hand, the observed lack of effect compared with sucrose and mixed carbohydrates is probably explained by both sources necessarily containing fructose as part of the sucrose molecule. The implication is that fructose may be no worse than other fructose-containing nutritive sweeteners in the diabetic diet.
A dose threshold for the effect of fructose on TG was observed in type 2 diabetes. Only at fructose doses greater than the CDA threshold of Ͼ60 g/day (Ͼ12% energy for a 2,000-kcal diet) (5) was a TGraising effect observed in subgroup analyses. This threshold is consistent with the 100 g/day identified across different clinical states (7) and findings from hypercaloric feeding trials with fructose intakes at 25% excess energy in healthy humans, the only trials in which a TGraising effect has been observed reliably (29, 30, (32) (33) (34) (35) . Although our threshold is lower than these estimates, it is higher than the estimated U.S. intake of total fructose of 9.1% energy (45.5 g/day for a 2,000-kcal diet) (8) . The inability of low doses to stimulate a quantitatively meaningful DNL response may explain this threshold. Whereas DNL contributes 60 -70% TG in rodents (36) , it only contributes Ͻ5% TG in humans, under longer term, isocaloric, high-carbohydrate feeding conditions (37) . Alternatively, the threshold may relate to the benefit of catalytic fructose doses (Ͻ10 g/meal) in decreasing acute postprandial glycemic and insulinemic responses in type 2 diabetes (38), mediated by increased hepatic glucose clearance via increased glycogen synthase-flux (39) . The suggestion is that the benefit of fructose on carbohydrate metabolism seen at lower doses may mitigate adverse lipid effects, which require high doses to become manifest.
An effect of follow-up was also observed in type 2 diabetes. Follow-up was identified as the strongest independent predictor of TG and total cholesterol, explaining 22-36% of the variation in these outcomes. Only at follow-up Յ4 weeks was a TG-raising effect seen. The lack of Analyses were performed by the generic inverse variance method using fixed-effects or random-effects (if heterogeneity was significant at P Ͻ 0.10) models with paired analyses applied for crossover trials (12) . -, no available data for subgroup analyses or, if there are no data for heterogeneity in the presence of a corresponding effect estimate, data only available from one study, precluding calculation of I 2 and the corresponding P value. *Removal of Osei et al. (20) during sensitivity analyses explained heterogeneity (I 2 ϭ 0%, P ϭ 0.59). †Removal of Osei and Bossetti (24) during sensitivity analyses explained heterogeneity (I 2 ϭ 0%, P ϭ 0.88 for all diabetes; I 2 ϭ 0%, P ϭ 0.76 for type 2 diabetes). ‡Removal of Pelkonen et al. (16) during sensitivity analyses explained heterogeneity (I 2 ϭ 10%, P ϭ 0.33).
effect on TG beyond 4 weeks may relate to a metabolic adaptation to prolonged fructose feeding or decreased compliance due to fructose malabsorption. In stark contrast to animal models fed fructose at Ͼ60% energy (40) to elicit metabolic derangements without malabsorption, 80% of humans fed 50 g/day (ϳ10% energy) show evidence of malabsorption, which is mitigated by glucose (41) . Alternatively, trials that were Յ4 weeks may have had protocols that better favored compliance. In this regard, 8 of 11 trials that were Յ4 weeks were also metabolically controlled, an independent predictor explaining 10% of the variation in TG.
Other factors affecting lipids in type 2 diabetes include aspects of study quality, design, and protocol. Although not significant in univariate subgroup analyses, crossover design was the strongest independent predictor of TG. Fluid fructose format was also positively associated with TG. The main drivers of the total cholesterol-lowering effect were crystalline fructose, no metabolic control, dietary fat intake Ͼ30% energy, no randomization, and low study quality (MQS Ͼ8) in univariate analyses and dose and follow-up, as independent predictors in multivariate analyses.
Interpretation of these pooled analyses is complicated by several caveats. First, only five trials lasted Ն12-weeks. Whether the lack of effect on TG seen in studies of Ͼ4 weeks persists over a longer term, therefore, is uncertain. Second, we did not identify any eligible trials investigating the effect of high-fructose corn syrup, a main source of fructose as a sweetener. This absence was surprising as high-fructose corn syrup has become one of the dominant sweeteners in the U.S., owing to its increased functionality and lower cost (42) . Third, the subgroup analyses were underpowered to assess differences in one factor across the different levels of the others. We did, however, attempt to explore the relative contribution of the subgroup factors with multiple regression models, although we are aware of the limitation posed by performing these analyses with so few studies. Finally, because only published studies were included, publication bias remains a possibility, although funnel plots showed this to be improbable.
In summary, fructose used as a nutritive sweetener in isocaloric exchange for carbohydrate seems to have only a modest TG-raising effect in type 2 diabetes at doses Ͼ60 g/day with follow-up of Յ4 weeks or when the reference carbohydrate is starch. This effect is in addition to a modest total cholesterol-lowering effect driven by markers of poor study quality, Elbourne et al. (13) crystalline fructose, and dietary fat intake Ͼ30% energy. No other lipid effects were detected. These data suggest that in the context of low fructose intake as a nutritive sweetener in exchange for other sugars, concerns relating to adverse lipid effects may not be justified. Nevertheless, there is a clear imperative for wellpowered, long-term (Ͼ6 months) randomized controlled trials that investigate fructose exchange for starch and sucrose over a wide dose range in individuals with type 2 diabetes to address the sources of heterogeneity identified in the data. Further meta-analyses of additional metabolic parameters, including body weight, glycemic control, and blood pressure, are planned. Separate analyses of hypercaloric feeding trials are also warranted. In the meantime, the heterogeneity in the data should be considered in the formulation of guidelines.
